Effects of age and schooling on intelligence The effects of age and schooling on different aspects of intellectual performance, taking track of study into account, are investigated. The analyses were based on military enlistment test scores, obtained by 48 269 males, measuring Fluid ability (Gf), Crystallized intelligence (Gc), and General visualization (Gv) ability. A regression method, relying on simultaneous variation in age and length of schooling at the time of the testing, was used. The results showed that both age and schooling increase performance, with the exception of the test which primarily measures Gf, for which the age effect was negative. The effects of schooling were considerably stronger than the effects of age, and there was a pattern of differential schooling effects on different tests which matched the curricular emphasis of the programs. The estimates of the strength of the schooling effect obtained with this new method were generally in good agreement with the results obtained in previous research.
Introduction
The relative amount of influence of chronological age and formal schooling on the development of intellectual performance is a crucial problem in educational research, which has considerable theoretical, methodological and practical implications. A widely held view claims that schooling can increase intellectual performance, even if reviews of research by, for example, Ceci (1991) , Herrnstein and Murray (1994) , and Winship and Korenman (1997) have arrived at quite different conclusions about the strength of the effect. Herrnstein and Murray (1994) concluded, on the basis of an empirical study and a review of the literature, that there is little evidence that differences in the amount of schooling account for much of intellectual variation. Their own study showed an increase of about 1 IQ point per year of schooling, which is lower than what has been obtained in other similar studies. However, Winship and Korenman (1997) conducted a reanalysis of these data, and after correction of some data problem and by use of alternative model specifications, they obtained an estimated effect of 2.7 IQ points per year of schooling. They also reviewed the research on effects of schooling on intelligence with a special emphasis on studies using an analysis of covariance design.
These results showed that estimates varied quite a lot over studies, from 1 to 4 IQ points per year of education.
One of the reasons for the differences in results is the methodological problem how to disentangle the school effect from the effect of chronological age on the growth of intellectual performance since these are typically confounded. Ceci (1991) identified in 3 Effects of age and schooling on intelligence an influential review of 200 studies, eight different types of designs in this area, and concluded that the results from all the different approaches indicate that schooling exerts an effect on intellectual development, even though the estimates vary over studies, and all the studies suffer from different kinds of methodological limitations.
The main purpose of this study is to gain further knowledge of the effects of chronological age and schooling on the development of intellectual performance through use of more powerful methods and more appropriate data than have been used previously. The basic idea is to investigate effects of simultaneous variation in age and amount of schooling, which allows separation of the relative amount of influence of age and schooling. The analysis also investigates differential effects of schooling on different aspects of intellectual performance, taking track of education into account.
In one of the approaches identified by Ceci (1991) effects of variation in length and/or track of education on intellectual performance have been studied through comparison between different programs. Since individuals are both selected and self-selected into different educational programs, it is necessary to control for initial performance differences, which has been done by covariance-analytic techniques. Such studies require longitudinal data of good quality. One of the classical studies in this field was conducted by Härnqvist (1968) . In this longitudinal study, Härnqvist tested a nationally representative 10% sample of the Swedish population of 13-year olds with a test battery including a verbal, a spatial and an inductive test. At the age of 18, the male subset of the sample took another test battery of similar composition at the enlistment to military services. In the analysis, the test results at age 13 were used to control for differences in 4 Effects of age and schooling on intelligence entry characteristics to the different tracks of education. The study showed that students who had the most academically oriented education gained more in general intelligence compared to those with the least amount of academic education. Several similar studies have been carried out on Swedish data (e.g., Balke-Aurell, 1982; Gustafsson, in press; Husén & Tuijnman, 1991) . There also are other such studies, several of which are Scandinavian (e.g., Lund & Thrane, 1983) . All these studies have shown fairly strong effects of schooling on intellectual level, amounting to around 2.0-2.5 IQ points for each additional year of academic schooling.
It also has been demonstrated (e.g., Balke-Aurell, 1982; Gustafsson, in press ) that it is necessary to take into account the fact that education in upper secondary school is not a homogeneous activity, and that the characteristics of different educational tracks are important for effects on different aspects of intellectual performance. Balke-Aurell (1982) concluded that spatial/technical ability factors develop in accordance with verbal and technical types of education, and, to a lesser extent, with type of occupation.
Gustafsson (in press) also found differences in effects on intelligence for different tracks of education. The effects were minimal for vocational schooling, and among the academic tracks (Economics, Social Sciences, Natural Sciences and Technology) the lowest effect was observed for the Social Sciences track and the strongest for the Technology track. The mean result for the academic tracks corresponds to an improvement of about 2.5 IQ points per years of study. Furthermore, the results indicated that certain schooling experiences cause improvements both in general cognitive ability, and in specific abilities. The results showed that academic tracks with technical and science orientation cause at least as strong an improvement in General
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Effects of age and schooling on intelligence Visualization ability (Gv; Carroll, 1993) as in general ability, while for General Crystallized ability (Gc; Carroll, 1993) weaker positive effects were obtained for the academic tracks and some of the vocational tracks included in the study, compared to the effects on general cognitive ability.
However, these results showing a gain in intellectual performance as an effect of schooling raise a number of questions concerning validity and interpretation. Since experimental methods cannot be used for ethical and practical reasons, the schooling effects are not easily determined. In particular, the methodology used in these studies has been criticized for not providing a fully adequate control of initial differences (Brody, 1992) , making the results vulnerable to self-selection bias. Brody has emphasized that it is not possible to control for all potential initial differences with statistical methods, which makes it uncertain whether the estimated effect is a result of schooling or of selection. Brody (1992) argued in criticism of the Härnqvist (1968) study that: Individuals who chose or were assigned to an academic track might have gained in IQ even if they had been randomly assigned to a less rigorous academic education. Consider two individuals with the same IQ who elect to enter different educational tracks at the secondary school level. The student who chooses the academic track may like to read books more than the individual who chooses a less academic track. Differences in intellectual interest may be related to changes in IQ (p. 187).
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Effects of age and schooling on intelligence Another problem concerning the validity and interpretation of obtained changes in IQ, is that even if the empirical results indicate that there is a change in IQ points as a function of amount of schooling, this need not reflect real changes in intelligence (Ceci, 1991) .
Ceci discussed alternative explanations of the empirically established effects of schooling on intelligence tests (1991, p. 771).
...schooling might influence IQ performance because the experience of being in school alters individuals´ cognitive processes in a rather fundamental manner.
This possibility can be contrasted with one that speculates that schooling does nothing to alter the efficiency of an individual's cognitive processes but merely supplies them with a reservoir of IQ-relevant knowledge and shapes their style of responding.
He considered that even though it could be argued that the ability for abstract thought increases as a result of schooling, the evidence for this is not compelling. Furthermore he emphasized that aptitude for abstract thought can be found even for non-schooled individuals. Hansen, Heckman and Mullen (2003) postulated that both schooling and scores on ability tests are generated by a common unobserved latent ability. They found that effects of schooling on test scores for a given level of ability are roughly linear across schooling levels, and that effects of schooling are slightly larger for those with lower ability. The effects of schooling on intelligence estimated in this study were in agreement with those demonstrated by Winship and Korenman (1997) .
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Effects of age and schooling on intelligence The approach, which by Ceci was characterized as the strongest of the eight designs for determining the effects of schooling, is the between-grades regression discontinuity design. In this design regression techniques are used to estimate the independent effects of age and schooling. The slope of the regression within grades on chronological age estimates the effect of age, and the effect of schooling is represented by the discontinuity between the regression lines for two adjacent grades. That is, the differences between the oldest and the youngest individuals in each grade estimate the net effect of a one-year difference in chronological age. The difference between the youngest individuals in any given grade level and the oldest ones in the lower adjacent grade level provides an estimate of the effect of one year of schooling. Cahan and Cohen (1989) reported a study with this design, and the results showed that the effect of schooling was about twice as strong as the effect of age. The magnitude of the influence of schooling on intellectual development was by Cahan and Cohen regarded as unexpectedly strong, but the finding has had strong impact. Other studies have replicated the results of the Cahan and Cohen study using a similar approach (e.g., Crone & Whitehurst, 1999; Stelzl, Merz, Ehlers & Remer, 1995) . However, even though this design is strong, there are some problems with this approach as well.
One problem, which also was identified by Cahan and Cohen (1989) , is the assumption that admission to school is based only on age, according to some arbitrary cut-off date.
However, in reality the admission of some individuals is delayed or made earlier in time. Thus, they are over-or under-aged within their grade level. Moreover, delayed and early admission is not random with respect to age and intellectual development.
Early admission is more likely to occur for bright individuals, who are born within some 8 Effects of age and schooling on intelligence weeks after the cut-off date, whereas delay is more likely for intellectually less developed individuals who are born within some weeks before the cut-off date (e.g., Svensson, 1993) . These selection effects imply that the regression on age will be underestimated, which means that the effect of schooling is overestimated. In recognition of this problem, Cahan and Cohen excluded those individuals who were over-or under-aged within their grade level, as well as those whose birthday fell within the month before or after the cut-off date. The regression equation obtained from these data was then extrapolated to cover the whole range of one year. However, even though these actions reduce the underestimation of the age effect, it is uncertain to what degree the problem remains. Another potential problem is the use of regression models which rely on the assumption of linearity of the within-grade regression. If the regression of intellectual performance on age is not perfectly linear, the effect of age is underestimated.
In an optimal design for separating effects of age and schooling there should be variation with respect to both length of schooling and chronological age, and the factors should vary independently of one another. To our knowledge, no study with such a design has been carried out. However, available data makes it possible to come close to such an optimal design. In Sweden, the tests used for enlistment to military services are generally carried out during the year the individual turns 18 year old. Since the testing sessions occur at different dates during the year, both length of schooling at different tracks in upper secondary school and the age at the time of the testing vary. Since age and length of schooling in these data vary more or less independently it is possible to estimate the relative influence of age and schooling on the intellectual performances 9
Effects of age and schooling on intelligence measured by the military test battery. Because enlistment to military service in Sweden is compulsory for males only, the analyses in the present study will be restricted to this gender.
Method

Participants
The study relies on data from "the Gothenburg educational longitudinal database" (Carlstedt & Mårdberg, 1993) from the years 1990 to 1993; (d) have completed one of the five academic tracks at upper secondary school, which prepared for entry to university level education; and (e) were normalaged for the school level, which means that they attended either the spring semester of the second year (grade 11) or the fall semester of the third year (grade 12) at the time they were tested.
Method of analysis
In order to disentangle the schooling effect from the effect of chronological age on the growth of intellectual performance a regression model was used in which age and length of schooling were entered as continuous variables. This method will be referred to as 10 Effects of age and schooling on intelligence the continuous age/continuous treatment method (the CC method). Scores from the four military enlistment tests constitute the dependent variables, and age and length of schooling at the time of the testing, measured in days, constitute the independent variables. The CC method thus takes advantage of the fact that the time of administration of the test, and therefore the length of schooling, varies over the year.
The age at the day of testing also varies over individuals, in a manner which is largely independent of length of schooling. The same model will first be applied to the pooled group, and then to each of the five upper secondary academic tracks.
The military enlistment test battery
The military enlistment test battery used is a paper-and-pencil test. The responses are given on separate optical answering sheets. Each test consists of 40 items presented in increasing order of difficulty, and the tests are slightly speeded. The battery includes four tests (Carlstedt & Mårdberg, 1993) , which are used as dependent variables in the analyses:
-Instructions, which was designed to measure the primary factor Induction (Carroll, 1993) , but probably it captures a combination of working memory capacity, induction ability, and numerical ability. In the items verbally formulated instructions are given to make markings on an answering sheet that fulfill the conditions given by the instructions.
-Synonyms, which was meant to measure the primary factor Verbal Comprehension.
For each item a target word is presented and the correct synonym should be chosen among four alternatives.
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Effects of age and schooling on intelligence -Metal Folding, which was designed to measure the primary factor Spatial Ability. An unfolded piece of metal is presented and the task is to find the three-dimensional object out of four that corresponds to the two-dimensional drawing.
-Technical Comprehension, which was constructed to measure a Technical comprehension factor, and the items present illustrated problems from the fields of technology and physics. One out of three alternative solutions should be marked as the proper one. Carlstedt and Mårdberg (1993) used confirmatory factor analysis to study the dimensionality of the battery. The results showed that the battery of four tests could be seen as a good estimate of general intellectual capacity. A general factor was identified accounting for the greater part of the total variance. This factor was interpreted as a Fluid Intelligence (Gf) factor (see Gustafsson, 1984) , which especially accounted for variance in Instructions (66%) and Metal Folding (62%) but also, to a lower degree, in Technical Comprehension (40%) and Synonyms (35%). A Crystallized Intelligence (Gc) factor was also identified, connected with Synonyms (35%). A General visualization (Gv) factor, with relations to Metal Folding (24%) and Technical Comprehension (11%), also was established. However, the Technical Comprehension test also had a large specific component, which may be hypothesized to reflect differences in the amount of acquired knowledge about the technical field.
The Swedish upper secondary school system
The Swedish public school system is made up of 9 years of compulsory (generally between the ages of 7-16), and three years of non-compulsory schooling (upper Effects of age and schooling on intelligence secondary school/high school). All education throughout the public school system is free of charge. Even though upper secondary education is voluntary, about 90 % participate in 12 years of education (OECD, 2001) .
A common curriculum is used for compulsory school. The upper secondary school curriculum during the period studied (i. e., the years 1990-1993), consisted of vocational tracks mostly comprising two years of study, along with five academic tracks, which prepared for entry to university level education. These tracks comprised three years of study. According to the curriculum there was a minimum number of compulsory lessons in mathematics, general science (chemistry, physics and biology), social studies, Swedish, English, history, religion and physical education. Moreover, each upper secondary track (Social Science, Economics, Liberal Arts, Natural Science, and Technology) covered different subject matter fields, along with some elective courses.
The proportions of all the lessons that were allotted to mathematics and science subjects, and to Swedish and foreign languages, respectively, were approximately, as follows for the different tracks: Social Science 20 and 38%; Economics 16 and 33%;
Liberal Arts 14 and 44%; Natural Science 40 and 30%; and for the Technology track it was 35 and 21% respectively. About 22% of the total amount of time was allocated to technology for the Technology track.
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The independent variables were defined as follows:
-Age at the time of testing was measured in number of days from the day the individual turns 18 years old.
-The length of schooling at the time of the testing was measured in days during the year the individual turns 18 years old. The summer vacation, 69 days, and Christmas vacation, 14 days, was not included in the computation of length of schooling.
Results
The presentation of the results is divided into two steps. In the first step, descriptive statistics are reported, both for the pooled group and for the five academic tracks. In the second step, results from the CC models comprising the pooled group are presented, followed by the results from the models applied to data from each of the five academic tracks. As is shown in Table 2 , the drop-out rates were quite equal over the tracks. Even the observed ranges for the dependent variables and the predictors were nearly equal. The 14 Effects of age and schooling on intelligence means for age were also similar over the tracks, even though the individuals from the Liberal Arts and Technology tracks were generally somewhat younger than those from the other tracks. The mean for length of schooling was lowest for the Technology track and quite similar for the other tracks.
Descriptive statistics
(Insert Table 2 
Effects of age and schooling on test performance
The pooled group
Estimates from applications of the CC method are presented in Table 3 . For ease of comparison with previous research the results have been expressed in terms of effects on the IQ scale with a standard deviation of 15 of one year of schooling or of one chronological year. Generally, the effect of age was lower than the effect of schooling, except for the Metal Folding test. For the Synonyms test the estimate for the age effect was not significant, while for the Instructions test, there was a significant negative effect of about 2 IQ points for one year of age. For one year of schooling the estimated effect Effects of age and schooling on intelligence varied from around 0.4 IQ points for the Metal Folding test, which was not significant, to 4.3 points for the Synonyms test.
(Insert Table 3 about here) While most attention is here focused on the results for the individual tests, there is, for purposes of comparisons with published results, also of great interest to analyze the results for the sum of scores since it approximates a broad and heterogeneous IQ measure. The schooling effect for the sum of scores was 2.7 IQ points (t = 9.17), while the age effect was 0.
Comparisons between tracks of study
Results from application of the CC method separately for the five tracks of study are shown in Table 4 For the Synonyms test a substantial age effect was obtained only for the Natural Science track (1.8 points). The schooling effect was generally very high. The highest effect (6.7 points) was obtained for the Social Science track, followed by the Economics track (4.7 points). For the Technology and Natural Science tracks the estimated effects were 3.7 and 3.4 points, respectively.
For the Metal Folding test a significant age effect was estimated for the Natural Science track (1.6 points) and for the Technology track (1.1 points). The age effect for the two other tracks was even lower and not significant. The schooling effect was substantial only for the Technology track (1.3 points). The estimates for the Social Science, the Economics and the Natural Science tracks were lower and not significant.
For the Technical Comprehension test a substantial age effect was obtained only for the Natural Science track (2.6 points). A substantial schooling effect was found for the Technology track (3.4 points), as well as for the Natural Science track (2.7 points). For the Social Science and Economics tracks neither the coefficients for age, nor for schooling were significant.
The estimates of the schooling effects on the sum of scores on the four tests were significant for all the tracks: Technology 4.2 (t = 9.12); Social Science 3.9 points (t = Effects of age and schooling on intelligence 4.90); Natural Science 3.3 points (t = 4.68); and Economics 3.0 (t = 5.13). A significant age effect was observed only for the Natural Science track (1.9 points; t = 2.57).
The presented results do not include external control for initial differences. However, when socio-economic, educational and national backgrounds and grades from compulsory school were introduced in the models the patterns of results were unchanged.
Discussion and Conclusion
In the present study a new method (the continuous age/continuous treatment method or the CC method) for estimating effects of schooling on intellectual ability has been applied. Among the many methods used for determining effects of schooling the regression discontinuity design, which takes advantage of adjacent grades and age variation within grades, is regarded to be the strongest one (Ceci, 1991) . The CC method is similar to the regression discontinuity design, except that the estimates are based upon analyses of the individual "dose" of schooling within a year determined by the day of testing, and the age of the individual at the day of testing. The main problem with the regression discontinuity design is that it is sensitive to bias due to selection of students at school start on the basis of other factors than age, but the CC method avoids this problem by investigating the variation in the amount of treatment received by those admitted to a program.
It must be observed, though, that the CC method as applied here only captures additive effects of schooling and age. Thus, if there are differential effects of schooling for
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Effects of age and schooling on intelligence different subsets of the sample, such as different ethnic groups or different levels of ability, these will go undetected, which would be a threat to the external validity of the results. However, the regression model may be extended through including additional variables, such as prior measures of ability, along with cross-product variables with schooling to capture interaction effects. We have done such analyses using grade point average from the end of compulsory school to test the hypothesis that the effects of schooling are different for students at different achievement levels. In these analyses there was no sign of an interaction effect. It may, however, be that there are interactions between schooling and other variables, such as ethnicity and social class, and it will be an interesting task for future research to explore these possibilities.
Age effects
Previous research (e. g., Cahan & Cohen, 1989) has shown the schooling effect to be about twice as large as the age effect. For the Technical Comprehension test this generalization holds approximately true for the current study as well. However, for the Synonyms test the age effect is close to zero, and for the Instructions test a substantial negative age effect is found. It must be observed, however, that the participants of the current study are older (18 years) than the participants in the previous studies, which have been conducted in lower grades. Since the rate of development of cognitive abilities changes drastically from birth to adult age it is not meaningful to make any direct comparisons with results obtained with younger subjects.
The most striking finding related to age is the negative effect of age on the Instructions test. This negative age effect is balanced by a positive effect of schooling which is
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Effects of age and schooling on intelligence approximately twice as large, implying that the observed level of performance still increases. The Instructions test is primarily a measure of Gf, and research on life-span development of cognitive abilities has shown that this ability peaks in the early 20s (Horn & Hofer, 1992; McArdle, Ferrer-Caja, Hamagami, & Woodcock, 2002) . If the level of performance increases somewhat from the late teens until the decline starts, and if there is a positive effect of schooling, there could indeed be a negative effect of age on performance on Gf-tests. This suggests that a biologically based decline of Gf may start earlier than has previously been assumed, because the schooling effect has not been controlled for. However, since this finding has so far only been demonstrated for a single test there is a need for replication and extension until any firm conclusions are drawn.
A positive age effect was observed for Metal Folding, but the effect was restricted to the Natural Science and Technology tracks. For Technical Comprehension a significant age effect was only found for the Natural Science program. These tests measure Gv as well as Gf, and for the Technical Comprehension test Gc variance is also involved in performance differences. Students attending the Natural Science and Technology tracks have the highest level of performance on these tests, and one possible interpretation of this finding is that there are different trajectories of development at different levels of ability. Another possible interpretation is that the age effect reflects different patterns of leisure time activities, and it may be that students at the Natural Science and Technology programs to a larger extent engage in such leisure activities which develop Gv.
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Schooling effects
In previous research most results on effects of schooling have been obtained through comparisons of groups who have obtained different amounts of academic schooling, with covariance-analytic control for initial performance differences between groups.
Since the validity of the results obtained with this approach have been challenged it is interesting to compare them with the results obtained with the CC method.
It will be remembered that for the sum of scores for all tracks combined the CC method estimated the effect of one additional year of academic schooling to 2.7 IQ points. This estimate agrees perfectly with what was found by Winship and Korenman (1997) and it is close to the overall estimate of 2.5 IQ points obtained by Gustafsson. Several previous studies have found schooling effects that vary between 2.0 and 2.5 IQ points, which indicates that the CC method rather yields higher estimates than the studies which have relied on covariance analytic control. However, given that the studies have been conducted at different times within different educational system for different age groups such differences should not exaggerated. The most important conclusion is that the different methods agree in showing that there are substantial effects on intellectual performance of an additional year of academic schooling.
For the sum of scores the CC method showed the strongest schooling effect for the Technology track (4.2 points) and the lowest effect for the Economics track (3.0 points).
Gustafsson (in press) too found the Technology track to yield the strongest schooling effect, with an estimate of 6.8 points for the Technology track. That study and the
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Effects of age and schooling on intelligence current study are based on two entirely different test batteries, which may explain the difference in results obtained for the Technology track.
For the Instructions test there were positive schooling effects for all the tracks, ranging from 4.2 to 4.8 points. This test primarily measures Gf and working-memory, so this result supports previous findings that schooling does affect general intellectual skills, and not only acquisition of specific information.
The strongest schooling effects were estimated for the Synonyms test, ranging between 3.4 points for the Natural Science track to 6.7 points for the Social Science track. It is, indeed, reasonable to expect growth in vocabulary as a function of schooling, since vocabulary is primarily acquired through inferring the meaning of unknown words from the context, and particularly so via reading (Landauer & Dumais, 1997) . The effects on vocabulary were strongest for the Social Sciences and Economics tracks, indicating a curriculum effect (cf. Balke-Aurell, 1982) .
For the Technical Comprehension test strong schooling effects were obtained for the Natural Science and Technology tracks, which is likely to be due to the fact that certain items in this test measure knowledge and skills covered by the curricula of these two tracks.
Given that we have established an effect of schooling on test performance the question remains how this should be interpreted. The change may be a real change in intelligence, or it may be a change in test performance without any concomitant change
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Effects of age and schooling on intelligence in the underlying ability. Ceci (1999) observed that: "... while schooling seems to prop up IQ test performance, it does not seem as obvious that it increases intellectual development, particularly if we conceptualise the latter in terms of novel problem solving" (Ceci, 1999, p. 171) . Given that the test battery analyzed here only included four tests it is impossible to separate different sources of variance according to a hierarchical model of ability, which would be the methodologically optimal way to determine the location of the changes (Gustafsson, 2002; Jensen, 1998, pp. 336-337) .
However, applying a hierarchical model to a battery of 10 cognitive tests Gustafsson (in press ) observed the strongest effect on Gf, which supports the interpretation that schooling causes real changes in intelligence, and not surface-level effects due, for example, to acquisition of specific pieces of information. The evidence in support of this interpretation is weak, though, and further empirical work is needed to clarify the nature of the changes. Application of the CC method in combination with a hierarchical factor model of ability could yield interesting information on this issue.
Conclusions
In the current study a new method for separating age and schooling effects on cognitive abilities has been applied to a large data set. The results obtained seem reasonable, and they both support and extend previous research findings.
One main finding is that academic schooling has a positive effect on intellectual performance, and the size of the estimate agrees with what has been found in previous research using other designs. There is also a pattern of differential effects on different tests which matches the curricular emphasis of the different programs.
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Effects of age and schooling on intelligence One advantage of the new analytical method is that it not only yields estimates of effects of schooling but also of effects of age. Among other things it has been found that there is a negative effect of age on performance on a test measuring fluid intelligence, which may indicate that the biologically determined decline of fluid intelligence starts earlier than has previously been thought. However, this result should be replicated and extended to other tests before strong conclusions are made. 
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